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Developing equine mtDNA profiling for forensic application
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Abstract Horse mtDNA profiling can be useful in
forensic work investigating degraded samples, hair shafts
or highly dilute samples. Degraded DNA often does not
allow sequencing of fragments longer than 200 nucleo-
tides. In this study we therefore search for the most
discriminatory sections within the hypervariable horse
mtDNA control region. Among a random sample of 39
horses, 32 different sequences were identified in a stretch
of 921 nucleotides. The sequences were assigned to the
published mtDNA types A–G, and to a newly labelled
minor type H. The random match probability within the

analysed samples is 3.61%, and the average pairwise
sequence difference is 15 nucleotides. In a “sliding
window” analysis of 200-nucleotide sections of the
mtDNA control region, we find that the known repetitive
central motif divides the mtDNA control region into a
highly diverse segment and a markedly less discriminatory
segment.
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Introduction

The mtDNA of horses is maternally inherited, haploid and
its genes do not recombine [1]. Excluding new mutations,
mtDNA sequences are therefore identical for all matrilin-
eally related horses. The equine mtDNA has an approxi-
mate length of 16,660 bp and consists of a coding region,
which contains 37 genes [2, 3], and a non-coding region,
called the control region, which is approximately 1,192-bp
long and contains the displacement loop, see Fig. 1. The
control region contains a repetitive region consisting of 2–
29 octamer repeats which is prone to length heteroplasmy
[4].

Forensic animal DNA profiling is a developing subject
in the literature [5–10]. For horses, potential areas for
casework includes (a) situations where a horse can be a
perpetrator and its identification becomes necessary when it
has been involved in an attack on a person, when causing
an accident or damaging property, (b) doping in the racing
industry, where a horse owner found guilty of doping a
horse might invoke laboratory sample confusion in the
urine samples analysed by the toxicologist and (c) mtDNA
profiling in horse theft cases, especially where only
degraded remains, hairs or a distantly and matrilineally
related horse are available as sample material. With regard
to horse theft, about one in every 6,000–100,000 horses in
Western countries are reported, on leading websites, as
being stolen at any given time (Table 1). In Germany,
pedigree stallions for breeding cost on average $80,000,
with the maximum amount paid for in 2008 being $1.5
million [11].

Horse mtDNA profiling would be particularly useful for
degraded samples, hair shafts or highly dilute samples, due
to the much higher copy number of mtDNA over nuclear
DNA. Ideally, the whole mtDNA control region could be
amplified to ensure a high genetic resolution. In practice
however, the repetitive region can cause amplification
problems, and degraded DNA samples often allow the
amplification of only short fragments up to 200-bp long

[12, 13]. This study therefore sets out to optimise the
profiling of horse mtDNA for forensic purposes.

Material and methods

DNA samples

Tail or mane hair-roots were sampled from 38 unrelated
horses representing 11 breeds: one Algerian Barb (sampled
in Germany, ancestor from Algeria), one Tunisian Barb
(sampled in Germany, ancestor from Tunisia), one Moroc-
can Barb (sampled in Germany, ancestor from Morocco)
five Caspians from the south-eastern shore of the Caspian
Sea, four Caspians from the south-western shore of the
Caspian Sea, two Dulmeners (sampled in Germany), five
Hutzuls (sampled in Romania), five Kurdish horses
(sampled in Kurdistan), one Kalmuck (sampled in Russia),
six Mongolians (sampled in Mongolia), three Turkomans
(sampled in the border area of Turkmenistan/Iran/Afghani-
stan), one Welsh Cob (sampled in Suffolk, ancestor from
Wales), one Welsh Pony (purchased in the Midlands,
England), and two Yabous (sampled in the border area of
Turkmenistan/Iran/Afghanistan). The published Swedish
horse reference sequence [4] was added for the statistical
analyses.

DNA extraction, amplification and sequencing

For each horse, total DNA was extracted from five hair
roots as published by Allen et al. [14]: lengths of 1 to 2 cm
of five hairs with roots incubated for 3 h at 56°C in 200 μL
extraction buffer (50 mM KCl, 10 mM Tris-HCl at pH 8.3,
1.5 mM MgCl2, 0.45% Triton X100, 0.45% Tween 20)

Table 1 Horse theft in Europe and America

Country Horse populationa Reported stolenb

UK 0.4 million 172c

Germany 0.5 million 85d

USA 9.5 million 95e

a Food and Agriculture Organization of the United Nations (FAOSTAT),
values for 2008. For the UK, the National Equine Database currently (Aug
2010) has a higher number as it holds 951,320 records of horses with
known owners. N.B. not all owners may have registered, and some owners
may have omitted to report deceased horses
b Reported stolen in the period January 2006 to March 2010 and not
recovered by 10 March 2010
c Stolen Horse Register website: http://www.stolenhorseregister.com
d R. Libowski, pers. comm., and Horse Theft website: http://www.
pferdediebstahl.de
e Stolen Horse International website: http://www.netposse.com/stolenmissing/
stolenhorses.htm

Fig. 1 Horse mtDNA control region. The control region of the horse
mtDNA is a non-coding DNA stretch flanked by the tRNA genes for
proline and phenylalanine. It is 1,192-bp long (from nps 15,469–
16,660) according to the reference sequence [4]. However the length
can vary individually due to a repetitive region which consists of
around 2–29 repeats of the octamer motif 5′-GTGCACCT-3′, with the
published reference sequence representing 29 repeats. In this study, we
have also sequenced part of the tRNA-Phe gene (nps 1–70) and into
(nps 71–121) the 12S rRNA gene
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with 2.5 μL proteinase K (20 mg/mL) and 35 mM DTT.
Proteinase K was subsequently inactivated by incubating
the samples at 95°C for 10 min.

The entire mtDNA control region in each horse was
amplified by PCR as two overlapping amplicons covering
nucleotide positions (nps) 15,425–16,086 and nps 15,987–
00196, as follows.

For the first section (nps 15,425–16,086), published
primers were used: 5′-GTAAAACGA CGGCCAGT-
ACCATCAACACCCAAAGC-3 ′ [ 1 5 ] a nd 5 ′ -
TGGTTGCTGATGCGGA-3′ [16]. The PCR was performed
in a Touchgene gradient thermocycler (Techne TC-412, Bibby
Scientific Limited, Staffordshire, UK) in a total volume of
25 μL with the following reaction conditions: 1 μL DNA
template, 2.5 μL 10× Buffer (100 mM Tris HCl, 500 mM
KCl, 15 mM MgCl2, 0.1% Tween, 0.1% Triton×100), 1 μL
MgCl2 (25 mM stock solution), 2.5 μL of each primer (1 μM
stock), 0.2 μM of each dNTP (from a 10 mM stock solution
of each dNTP), and 0.2 μL Taq polymerase of a 5 U/μL stock
(Fermentas, St Leon-Rot, Germany or Qiagen, Hilden,
Germany). The PCR cycling conditions were as follows:
denaturation at 95°C for 2 min; 35 cycles of 95°C for 30 s,
53°C for 20 s and 72°C for 1 min; final extension step of
72°C for 10 min. The same primers were used for
sequencing the amplicons, using the DyeTerminator version
3 kit as specified by the manufacturer (Applied Biosystems,
Foster City, USA). The sequences were determined in the
range nps 15,480–15,979.

For the second section (nps 15,987–00196), the follow-
ing primers were used: 5 ′-GGGATGCTATGACT
CAGCTA-3′and 5′-AGTGTGCTTGATACCTGCTC-3′.
The expected length of the PCR products is between 654
and 870 bp, depending on the number of repeats within
the repetitive region. The PCR buffer and machine was the
same as for the amplification of the first section, whereas
the PCR conditions differed: 5-min denaturation at 94°C;
35 cycles of 1-min denaturation at 94°C, 45 s annealing
at 64.6°C, 1 min 20 s elongation at 72°C; final 5-min
elongation step at 72°C, in a reaction volume of 20 μL.
The high annealing temperature of 64.6°C was found to be
optimal to denature the hairpin secondary structure
(Fig. 2) caused by the repetitive region. The sequences
were determined in the range nps 16,361–16,660 and nps
1-121.

DNA alignment and diversity analysis

The raw DNA chromatograms were edited in Chromas 2.33
(Technelysium, Tewantin, Australia), the resulting DNA
sequences were formatted in DNA Alignment (Fluxus-
Technology, Clare, UK), and pairwise genetic distances
were calculated in Network 4.510 (Fluxus-Technology,
Clare, UK).

Results

The mtDNA sequencing results of 39 horses including the
published Swedish reference sequence of Xu and Arnason
[4] are shown in Table 2. The nucleotide substitutions are
scored against this reference sequence. The sequences were
assigned to mtDNA types A–H as a quality control
procedure to identify potential errors and specifically in
silico recombination between the first and the second
section on either side of the repetitive region. This quality
control revealed two potential errors in the preliminary
analysis, one of which was due to chromatogram quality,
and the other was a potential documentation ambiguity.
Both problematic sequences were removed, leaving the 39
sequences presented in Table 2. One Welsh Cob is assigned
to the new mtDNA type H, which has already been
observed for example in Shire Horse JSH233 in Jansen et
al. [15], where it represents a minor mtDNA branch.

Among the random sample of 39 horses, 32 different
sequences were identified. The majority of sequence types
(26) were singletons, five sequence types occurred twice
and one sequence type occurred three times. The random
match probability for the mtDNA sequence range nps
15,480–00121 (excluding nps 15,980–16,360) within the
analysed samples is 3.61%. The pairwise sequence diver-
sity for this stretch of 921 nucleotides is 14.86 nucleotides,
i.e., on average, the number of nucleotide differences
between a pair of horse mtDNA sequences is nearly 15
nucleotides, irrespective of whether these differences are
transitions, transversions, deletions or insertions.

Fig. 2 Secondary structure of the repetitive region in the control
region of the horse mtDNA. Because the same motif (5′-GTGCACCT-
3′) is present multiple times, the sequence can fold back and form a
stable paired double helix [4]. The structure shown here is based on 11
repeats. Experimentally, we found that PCR amplification at standard
temperatures (55°C) yielded weak products. Raising the PCR
annealing temperature to 65°C increased PCR yield, evidently by
denaturing this secondary structure
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To locate, within the mtDNA control region, the most
diverse sections of 200 nucleotides, we scanned the control
region sequence using a 200-nucleotide window, which we
shifted in 20-nucleotide steps. The pairwise diversity value
for each of these locations is plotted in Fig. 3.

The most highly variable 200-nucleotide section turns
out to be located at nps 15,580–15,779, scoring an average
pairwise diversity of 6.50 nucleotide differences. Across the
whole analysed region, the mean pairwise difference ranged
from a minimum of 0.61 to the maximum of 6.50,
compared to the average of 14.86 for the whole analysed
sequence range. The two most highly variable non-
overlapping 200 bp-sections were firstly, nps 15,580–
15,779 (pairwise diversity of 6.50 nucleotides), and
secondly, nps 15,780–15,979 (pairwise diversity of 3.91
nucleotides). The post-repetitive sequence stretch does not
yield higher diversities than 2.36. Next, we determined the
match probability within the sample of the 39 horses for the

same 27 sequence sections. These match probabilities are
shown in Fig. 4.

As can be seen from Fig. 4, the match probabilities at the
beginning of the control region are fairly constant, but then
increase significantly after the repetitive region, reaching
the highest value as the sliding window progresses into the
coding-region tRNAPhe and 12S rRNA genes.

Discussion and conclusions

Profiling horse samples by typing mtDNA is useful when
only degraded DNA is available, or in deficiency cases,
where material from the horse of interest is not directly
available and a matrilineally related horse is sequenced for
its mtDNA instead. It is beneficial if the investigator can
design his or her PCR primers to target the most
discriminatory mtDNA sequence stretch, and to this end

Table 2 mtDNA sequence variation in 39 randomly selected horses

a Ref denotes the Swedish horse reference sequence in Genbank accession X79547
b Sequences are determined in the range nps 15,480–15,979, nps 16,361–16,660 and nps 1–121
c Labels designate the breeds as follows: B Barb, BC southeastern Caspian, C southwestern Caspian, D Dülmener, H Hutzul, K Kurdish horse, Km
Kalmuck, M Mongolian, T Turkoman, WC Welsh Cob, WP Welsh Pony, Y Yabou
dMtDNA types are as defined in refs [15] and [17], with the new type H proposed here
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we have characterised and analysed 921 nucleotides of the
horse mtDNA in a random sample of 39 horses.

We applied two types of diversity analysis to the mtDNA
data set we generated, the match probability and the
pairwise difference statistic. It is arguably more relevant
for forensic casework to use the match probability rather
than the pairwise difference statistic; as in general, the
question is not how many nucleotides’ difference there is
between two horse samples, but whether the two samples
are identical or not. However, when comparisons between
related horses across generations are involved, then there is
the theoretical possibility of a mutation, and a single
nucleotide difference between two horses might not be
considered sufficient for an exclusion. So we performed

both calculations in a “sliding window” analysis, and found
the results to be compatible, although the pairwise
difference diversity predictably allows a more sensitive
comparison of the genetic diversity from section to section.

We found that the pairwise difference diversity of
mtDNA sections declines by a factor of three when
progressing along the mtDNA control region, from the
tRNAPro gene to the tRNAPhe gene. Using the pairwise
difference statistics, the most highly variable 200-
nucleotide section turned out to be located at nps 15,580–
15,779, which the investigator should preferentially amplify
when dealing with degraded DNA. If sufficient material is
available for one further PCR attempt, the pairwise
difference statistic indicates that the investigator should

Repetitive
region

Fig. 4 Determination of highly
discriminative mtDNA sections
for forensic application. The
match probabilities were ana-
lysed for a total of 27 sections
(each 200-bp long) and based on
mtDNA sequences from 39
horses

Repetitive 
region 

Fig. 3 Determination of highly
variable mtDNA sections for
forensic application. The mean
pairwise difference was ana-
lysed for a total of 27 sections
(each 200-bp long) and based on
mtDNA sequences from 39
horses
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then preferentially amplify the adjacent 200 bp-section nps
15,780–15,979, and avoid targeting the less discriminatory
DNA sections beyond the repetitive region.

An interesting technical observation during this study
was that amplification across the repetitive region yielded
more products at high temperature of 65°C, and this may be
connected to the hairpin secondary DNA structure that is
caused by such motif repetitions.
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